Ideally renin inhibitors should be orally active, i.e. they must evade digestion by pepsin and must be able to enter the bloodstream. To make an inhibitor small enough to cross the gut barrier would mean loss of specificity. To find a compromise information on the bound structures of renin and pepsin inhibitors is valuable. The extended conformations of H142 and H256 mean that alternate side chains, e.g. P, and P , , are in van der Waals' contact (Fig. 3) . Crosslinking these side chains may not perturb the interactions with the enzyme and would reduce the loss of entropy on binding to the enzyme. Cyclization of small inhibitors may therefore be the answer to the problem of loss of specificity.
Ideally renin inhibitors should be orally active, i.e. they must evade digestion by pepsin and must be able to enter the bloodstream. To make an inhibitor small enough to cross the gut barrier would mean loss of specificity. To find a compromise information on the bound structures of renin and pepsin inhibitors is valuable. The extended conformations of H142 and H256 mean that alternate side chains, e.g. P, and P , , are in van der Waals' contact ( Fig. 3) . Crosslinking these side chains may not perturb the interactions with the enzyme and would reduce the loss of entropy on binding to the enzyme. Cyclization of small inhibitors may therefore be the answer to the problem of loss of specificity. acids from the common precursor chorismate. The route to chorismate, which is known as the shikimate pathway (see Fig. l ), is the same in all species so far studied (Haslam, 1974; Weiss & Edwards, 1980) . However, there are remarkable differences between species in the organization of the enzyme activities which catalyse the seven steps of the shikimate pathway. In the fungus Neurospora crassa five of the seven shikimate pathway activities (steps 2-6) occur as a multifunctional protein, the arom multifunctional enzyme, consisting of two identical pentafunctional polypeptides encoded by a single gene (Lumsden & Coggins, 1977 , 1978 Gaertner & Cole, 1977; Welch & Gaertner, 1980; Lambert et al., 1985; Coggins & Boocock, 1986) . Similar pentafunctional arom proteins are found, for example, in the yeast Saccharomyces cerevisiae (Larimer et al., 1983; and in the fungus Aspergillus nidulans (Kinghorn & Hawkins, 1982; Charles et al., 1986) . In contrast, in the bacterium Escherichia coli, all seven shikimate pathway activities occur as separate enzymes (Berlyn & Giles, 1969; encoded by widely scattered genes (Pittard & Wallace, 1966) . In higher plants, although the shikimate pathway enzymes are less well characterized than in micro-organisms, it is clear that five of the enzymes occur separately while two (3-dehydroquinase and shikimate dehydrogenase) occur on a bifunctional polypeptide chain (Boudet & Lecussan, 1974; Koshiba, 1978; Mousdale & Coggins, 1984 , 1985 Mousdale et al., 1987) .
The shikimate pathway thus provides a stark example of a phenomenon which is not well understood. Why should a particular pathway involve multifunctional enzymes in some species but not in others? To seek an answer for this question we have made a detailed structural study of the Abbreviation used: EPSP, 5-enoylpyruvylshikimate 3-phosphate arom multifunctional enzyme and the five corresponding monofunctional E. coli enzymes. Here we present a review of our progress.
Our first objective was to use chemical modification and limited proteolysis to establish the overall molecular anatomy of the arom multifunctional enzyme of N. crassa (Coggins & Boocock, 1986) . The key questions were: (1) are the active sites spatially distinct? and (2) can functional domains carrying one or more of the enzyme activities be isolated?
The 3-dehydroquinase and shikimate dehydrogenase activities of the arom multifunctional enzyme are the simplest to study and our experimental approach is best illustrated by considering these two functions of the arom system in detail. Biosynthetic 3-dehydroquinases are known to work through an imine intermediate which is formed between the amino group of a lysine at the active site of the enzyme and the keto group of the substrate 3-dehydroquinate (Butler et al., 1974; Smith & Coggins, 1983; Coggins & Boocock, 1986; Chaudhuri et al., 1986) . This substratetrapping reaction affords a simple method of specifically inhibiting the 3-dehydroquinase activity of the multifunctional enzyme; the shikimate dehydrogenase activity remains unaffected by this treatment (Smith & Coggins, 1983) ; S. Chaudhuri & J. R. Coggins, unpublished work). The shikimate dehydrogenase activity of the arom multifunctional enzyme is, however, very susceptible to inhibition by the lysine-directed reagents methyl acetimidate and formaldehyde/sodium borohydride (Coggins & Boocock, 1986 ; J. Lumsden, D. D. S. Smith & J. R. Coggins, unpublished work). Shikimate, but not the methyl ester of shikimic acid, affords substantial protection against inactivation by these two reagents, suggesting that there is a lysine side chain at the active site of shikimate dehydrogenase which is involved in binding the carboxylate function of shikimic acid (Coggins & Boocock, 1986 ; J. Lumsden & J. R. Coggins, unpublished work). These two group-specific reagents for lysine also inactivate the 3-dehydroquinase component of arom, presumably by modifying the activesite lysine involved in imine formation with substrate, and in this case shikimate affords no protection against inactivation. Furthermore, if the arom 3-dehydroquinase activity is first inhibited by the substrate-trapping procedure with 3-dehydroquinate/sodium borohydride the intact shikimate dehydrogenase activity can then be inactivated by treatment Fig. I . Reactions of' the shikimate pathway The numbers refer to the enzymes of the pathway: (1) 3-deoxy-~-arahino-heptulosonic acid 7-phosphate synthase (EC 4.1.2.15), (2) 3-dehydroquinate synthase (EC 4.6.1.3), (3) 3-dehydroquinase (EC 5.2.1.10, alternative name 3-dehydroquinate dehydratase), (4) shikimate dehydrogenase (EC I . 1.1.25), (5) shikimate kinase (EC 2.7.1.71), (6) EPSP synthase (EC 2.5.1.19, alternative name 3-phosphoshikimate I-carboxyvinyltransferase), (7) chorismate synthase (EC 4.6.1.4). The arom multifunctional enzyme catalyses the reactions numbered 2-6 in the above scheme.
with methyl acetimidate. These data clearly establish that the 3-dehydroquinase and shikimate dehydrogenase active sites of the mom multifunctional enzyme are spatially distinct. They also imply that there is a functional lysine residue at each active site.
There is less experimental data for the other three enzymic functions of the morn multifunctional enzyme but all the available data are consistent with the idea that these activities occur at separate active sites. Thus it is known that the 3-dehydroquinate synthase active site contains a zinc ion and it has been shown that the progressive removal of zinc leads to the selective loss of this activity without any effect on the other four enzyme activities . The shikimate kinase activity is extremely sensitive to proteolysis and all of it is lost under conditions which leave the other four enzyme activities unaffected Coggins & Boocock, 1986) . Also it has been shown that the 5-enolpyruvylshikamate 3-phosphate (EPSP) synthase activity can be isolated as a monofunctional peptide fragment, free of all the other enzyme activities, after extensive proteolysis with trypsin and chymotrypsin Coggins & Boocock, 1986) .
These biochemical data are compatible with a mosaic model for the structure of the arom multifunctional enzyme in which five subregions of the polypeptide chain fold into five essentially autonomous structural domains each of VOl. 15 which carries one of the component enzyme activities. The data are also consistent with the genetic data for the N . crassa mom system obtained by Giles and co-workers (Giles et al., 1967~; Rines et al., 1969; Case & Giles, 1971) . This also supported the idea of five fully autonomous functional units but had originally been interpreted as evidence for a multienzyme complex consisting of five kinds of polypeptide chain (Giles et al., 1967~; Rines et al., 1969; Case & Giles, 1971; Jacobson et al., 1972) .
Frequently it has proved possible to isolate some of the functional domains of a multifunctional polypeptide after limited proteolysis (Schmincke-Ott & Bisswanger, 1980; . The mom multifunctional enzyme appeared to be particularly promising in this respect since, although the inact N . crassa polypeptide chain was extremely sensitive to proteolysis (Gaertner & Cole, 1977; Lumsden & Coggins, 1977) , the 3-dehydroquinase and shikimate dehydrogenase activities were known to survive even after extensive degradation of the polypeptide chain (Lumsden & Coggins, 1977; Smith & Coggins, 1983) . It was found that carefully controlled proteolysis of the arom polypeptide chain with either trypsin or subtilisin cleaved it into two complementary fragments (Smith & Coggins, 1983; Coggins & Boocock, 1986) . The smaller of these was shown to be a bifunctional fragment of M , 68 000 which carried both the 3-dehydroquinase and shikimate dehydro-genase activities (Smith & Coggins, 1983) . Further proteolysis leads to a fragment of M, 63 000 which still carries both activities but it is resistant to further proteolysis and seems to consist of a compact globular structure or domain. The fragment of M , 68 000 can only be separated from the other major fragment formed during proteolysis by electrophoresis in the presence of urea or SDS. Under non-denaturing conditions the two fragments cannot be separated from each other or from intact arom multifunctional enzyme by electrophoresis; cross-linking studies indicate that this proteolysed arom retains its native quaternary structure (Smith & Coggins, 1983) . The kinetic properties of the two activities carried by the purified fragment are similar to those found for the intact multifunctional enzyme (Smith, 1980) . After denaturation with either urea (Smith & Coggins, 1983) or SDS the purified fragment also has the ability to refold and recover at least its shikimate dehydrogenase activity.
Attempts to purify the larger proteolytic fragment (M, 1 10 000) which presumably carries the 3-dehydroquinate synthase and EPSP synthase activities (the shikimate kinase activity is completely lost during the initial cleavage step, see above) have proved unsuccessful. However, a sub-fragment (M, 74000), derived from the M, 110000 fragment, which carries the EPSP synthase activity has been isolated and characterized Coggins & Boocock, 1986) .
These observations add further support to the autonomous domain model for the arom multifunctional enzyme. They also suggest that the intact arom multifunctional enzyme has a very well defined quaternary structure and that the various functional domains are tightly held together, presumably by the same kind of interactions that hold together individual subunits of oligomeric proteins .
The next structural question was what was the relationship between the individual functional domains of the arom multifunctional enzyme and the individual E. coli enzymes. At this stage we had isolated and characterized the five monofunctional E. coli enzymes corresponding to the arom multifunctional enzyme (Lewendon & Coggins, 1983; Chaudhuri & Coggins, 1985; Anton, 1985; Millar & Coggins, 1986; Millar et al., 1986) . Their subunit M, values added up approximately to the M, of the N.crassa arom polypeptide chain Chaudhuri & Coggins, 1985) . This led us to suggest that the individual functional domains of the arom polypeptide chain were structurally similar to the monofunctional E. coli enzymes and that the multifunctional polypeptide had arisen by the successive fusion of the genes encoding five ancestral E. coli-like monofunctional proteins . Clear precedents for multifunctional proteins arising by such a gene fusion mechanism were known from the tryptophan pathway (Miozzari & Yanofsky, 1979; Zalkin & Yanofsky, 1982; Zalkin et al., 1984) . To test this idea it was necessary to sequence an arom polypeptide and compare its amino acid sequence with the sequences of the five corresponding monofunctional E. coli enzymes. This has now been achieved. In our laboratory the sequence of the S. cerevisiae arom multifunctional enzyme has been determined together with the sequences of the five E. coli enzymes (Anton, 1985; Millar & Coggins, 1986; Millar et al., 1986; Duncan et al., 1984 Duncan et al., , 1986 while Hawkins and his collaborators have reported the sequence of the A . nidulans arom polypeptide (Charles et al., 1985; .
The sequence comparison shows that there are good homologies between the sequence of each E. coli enzyme and a region of corresponding length in the S. cerevisiae and Fig. 2 . Homologies between the S. cerevisiae arom multifunctional enzyme and the jive corresponding E. coli enzymes The S. cerevisiae arom sequence is represented by the lower stippled box and the five corresponding E. coli monofunctional enzymes by the upper boxes. Each box represents a complete protein sequence. The E. coli enzymes are labelled with the letters of the aro genes which encode them: B, 3-dehydroquinate synthase; A, EPSP synthase; L, shikimate kinase; D, 3-dehydroquinase; E, shikimate dehydrogenase. N and C represent the N-and C-terminal residues respectively.
A . nidulans arom polypeptides (Charles et al., 1986; Duncan er al., 1987) . The results are represented schematically in Fig. 2 , while a detailed comparison of the EPSP synthase regions of the arom chains with the monofunctional E. coli (Duncan et al., 1984) and Salmonella typhimurium (Stalker et al., 1985) enzymes is shown in Fig. 3 . In Table 1 the subunit M, of the individual E. coli enzymes and the S. cerevisiae multifunctional enzyme are also given together with the percentage homologies in each region. The S. cerevisiae M , of 174555 is slightly greater than the M, of 159698 for the combined E. coli enzymes. The extra sequence is due to a number of insertions in the S. cerevisiae sequence; three of these occur in inter-domain regions and must correspond to 'linker' peptides while two others seem to divide the 3-dehydroquinate synthase domain and the EPSP synthase domain into sub-domains . It is interesting to note that there is no obvious 'linker' region between the shikimate kinase and 3-dehydroquinase domains.
The sequence results confirm the mosaic structure for the arom multifunctional enzyme and emphasize that it is built up functional domains that, because of the significant sequence homologies, must have very similar tertiary structures to those of the individual E. coli enzymes. This is consistent with the now widely accepted view that the domain is the fundamental unit of protein structure and evolution .
One very interesting feature which emerged from the sequence of the S. cerevisiae arom gene ( A R O I ) was the occurrence of three regions with a relatively high incidence of rare codons (Purvis et al., 1987) . These regions occurred near three of the four proposed domain boundaries (Fig. 4) . This has lead us to suggest that groupings of rare codons may be necessary to allow pauses in translation so that each domain of the multifunctional enzyme can fold completely before the start of synthesis of the next domain (Purvis et al., 1987) .
A number of authors have suggested reasons for the existence of enzyme organization and in the particular case of multifunctional enzymes the following major advantages are usually mentioned: (1) enhancement of catalytic activity (catalytic facilitation); (2) substrate channelling; (3) coordinate regulation of enzyme activity; (4) protection of unstable intermediates; (5) co-ordinate expression of genes coding for the individual enzyme activities; (6) essential spatial organization of the enzymic functions (Stark, 1977; Welch, 1977; Gaertner, 1978a; Schmincke-Ott & Bisswanger, 1980; Stafford, 1981; 
Fig. 3. Amino acid homologies between the monofunctional EPSP synthases of E. coli und S. typhimurium and the EPSP synthase domains of the S. cerevisiae and A. nidulans arom multifunctional enzymes
The sequences are taken from Duncan et al. (1984) , Stalker et a/. (1985) , Charles et a/. (1986) , . Only amino acids that are conserved in at least three of the sequences are boxed.
was first recognized by Giles et a/. (1967b) . Later Gaertner and his collaborators reported evidence for the N . crassa morn system of catalytic facilitation (Gaerter et al., 1970) , channelling (Welch & Gaerter, 1975) and co-ordinate activation by 3-deoxy-~-arahino-heptulosonic acid 7-phosphate. the substrate of the first enzyme activity (Welch & Gaertner. 1976 ). All these experiments were carried out on crude enzyme preparations, or on material that was proteolytically damaged (Gaertner, 1978b) , and appeared to have rather different kinetic parameters from those reported for well-characterized, homogeneous, preparations of the N . crussa arom multifunctional enzyme Coggins & Boocock, 1986; . Attempts to reproduce the experiments on the co-ordinate activation have so far failed (G. A. Nimmo, J. M. Lambert, M. R. Boocock & J. R. Coggins, unpublished work) and a comprehensive study of the catalytic properties of the purified multifunctional enzyme has not been completed. Until these results are available it is premature to draw any firm conclusions about the occurrence of channelling and catalytic facilitation in the arom system (Coggins & Boocock, 1986) . One of the obvious advantages of multifunctional enzymes that catalyse several sequential reactions on a biosynthetic Table 1 . Polj,peptide chain size und the subunit organization ofthe five central shikimute puthway enzymes in E. coli and S. cerevisiae The data are taken from Millar Duncan et al., 1986; Chaudhuri et al., 1986; Chaudhuri & Coggins. 1985; Anton, 1985; Millar er ul.. 1986; Lewendon & Coggins. 1983; Duncan et a/., 1984; Duncan et al., 1987 pathway is that the 'cluster gene' encoding the multifunctional polypeptide provides a mechanism for ensuring that the individual functional domains are made in equimolar amounts. This role in the co-ordination of gene expression may be a very important aspect of multifunctional enzymes (Stark, 1977) . In this connection it is interesting to note that the turnover numbers for the five arom activities all lie in the narrow range from 19s-I to 52s-I . Recently it has also been shown that the S. cerevisiae AROI gene is under general amino acid control (K. Duncan The ultimate object of bioengineering must be to make a protein which is able to carry out an act valuable to man. In order to bring about such a desirable end a thorough understanding of the activity is required as well as skills in manipulating biological polymer synthesis so that these skills are not used in a more or less random search. The understanding of a protein's function rests in the connection between its sequence, structure, dynamics and function.
The target: a cytochrome P-450 ,from cytochrome c Cytochrome c was one of the first examples of the use of site-specific mutagenesis stemming from work in the laboratory of Smith (1986) , who originated the methods and with whom we shall collaborate. It is a robust protein very soluble in water and stable to quite high temperatures. I t withstands a multiplicity of natural non-conservative substitutions, 50% of the aminb acids and up to 80% can be substituted if conservative substitutions are included, while keeping the same fold. It folds only on addition of a porphyrin; note that the Fe atom is not essential for folding. It is a good electron-transfer catalyst. We would like to change it so as to make the reaction 3e + 2H+ + O2 + CH,(CH2),X --* CH,OH(CH,),X + H,O go catalytically at the cytochrome c active site. The enzyme, E, which does carry out the hydroxylation is cytochrome P-450. The steps in the reaction are:
(1) Start from the low-spin Fe(III) haem complex of E, so as to protect E from 02.
(2) Add substrate, S, to give ES with Fe(l1I) now in a high-spin state. This is a groove-opening reaction breaking an Fe(llI)-X bond or removing a group such as H,O from Fe(ll I).
(3) Reduce the iron to high-spin Fe(lI). This is an electron-transfer step.
(4) Add 0, to give FeOz and then reduce to FeO, and then reduce to FeO + H,O with an ancillary electron transfer.
This may require protein to protein binding and has both substitutional and electron-transfer steps.
( 5 ) Wait for hydroxylated substrate to appear free. This is a groove-closing reaction preceded by a substitution. the reverse of ( 2 ) .
(6) Repeat the cycle. I t is obvious. we trust. that to have full knowledge of such a cycle we need to understand the dynamics of the action of P-450 as well as its fold. We shall use the n.m.r. method of studying proteins against the excellent background of the X-ray diffraction structural studies of cytochrome c (see Takano & Dickerson, 1981a,b) and of cytochrome P-450 (Poulos et a/., 1985) . For details of the n.m.r. assignments of Vol. 15 cytochrome c see Williams et al. (1985) . from which we know:
( I ) The structure in solution is very similar to that in the crystal.
( 2 ) The structure is dynamic.
(3) Taking the side chains first, on one side of the haem, that of the His-18, there is no flipping of valines or leucines, while on the other side Phe-82 is mobile. Some kinetic parameters are given in Table 1 . The surface lysines are mobile and in general the surface has much more mobility than the interior.
(4) One or two regions of the protein show small segmental changes. The properties of the region around Tyr-74 and Ile-57 reflect a more mobile loop in the region of the protein which includes some of the residues from 40 to 60. We have pointed to the importance of the mobility of surface segments in antigenicity of proteins. Contacts between molecules in crystals affect this region.
( 5 ) On change of redox state there are minor changes throughout the protein (Fig. I ). This is a demonstration of the co-operativity of the fold.
(6) The Fe-Met-80 bond is greatly reduced in stability on oxidation of the iron. It breaks in the range 55-70°C to give high-spin Fe(III), a partial unfolding.
It must be stressed that cytochrome c is one of the least mobile of proteins and over periods in the range of say IO-'s (protein to protein electron-transfer rate steps) it adjusts but very slightly. In the time range between 10-' and 1 s much larger adjustments are possible in the Fe(lII) state such that the iron becomes open to substitution reactions by reagents such as cyanide, azide and imidazole which displace Met-80 from the iron. Cytochrome c undergoes a groove-opening reaction to allow this substitution (see Fig. 1 ). It is known that the reaction can occur unimolecularly, i.e. a reaction of the groove itself opening the Fe(III) form of the protein, since it undergoes a low-spin to high-spin switch at high temperature or at high pH where Met-80 is replaced by another protein side chain, probably a lysine. The measured activation for this reaction is about 8&100kJ and its rate constant is around 2 0 -' s at 30°C. These values are almost exactly those for the activation energy and rate of the ring-flipping of in the part of the protein under the haem as measured in the reduced state (Table 2) . and they are known to be similar in the oxidized state. In the cyanide-substituted Fe(lI1) protein the rate of flip is much faster. This indicates that the flipping motions of rings are co-operative with the groove-opening reaction, a remarkable observation. The hinge of the groove opening is close to Ile-57-Tyr-74 Williams et al.
(1 985). Now the above three reactions of cytochrome c, electron transfer, low-spin/high-spin switch, and substitution after groove opening and closing are the major steps of the P-450 reaction (see above).
Electron tramfer
Bimolecular protein to protein electron-transfer reactions may be regulated through control of: (i) the thermodynamic driving force: (ii) the spin-state of the metal: (iii) the accessi-
